Objective-The focus of this study was to investigate the role of connexin (Cx) 45 in endothelial-induced mural cell differentiation. Methods and Results-We created mural cell precursors that stably express only Cx45 in Cx43-deficient mesenchymal cells (ReCx45), and used our in vitro model of blood vessel assembly to assess the capacity of this Cx to support endothelial-induced mural cell differentiation. Lucifer Yellow dye injection and dual whole-cell patch clamping revealed that functional gap junctions exhibiting properties of Cx45-containing channels formed among ReCx45 transfectants, and between ReCx45 and endothelial cells. Heterocellular Cx45-containing gap junction channels enabled transforming growth factor-β activation and promoted the upregulation of mural cell-specific proteins in the mesenchymal precursors. Conclusion-These studies reveal a critical role for Cx45 in the regulation of endothelial-induced mural cell differentiation, which is consistent with the phenotype of Cx45-deficient embryos that exhibit dysregulated transforming growth factor-β and lack mural cell development. (Arterioscler Thromb Vasc Biol. 2013;33:362-368.)
B
lood vessels are composed predominantly of 2 cell types: endothelial cells (ECs) that form the luminal lining and mural cells (vascular smooth muscle cells and pericytes) that make up the surrounding medial layer. During blood vessel formation, endothelial tubes form first and govern the subsequent formation of the vessel wall via release of plateletderived growth factor-B, which acts as a chemoattractant, and mitogen for mural cell precursors derived from the surrounding mesenchyme.
1,2 On contact with ECs, newly recruited mesenchymal progenitor cells are induced toward a mural cell fate 2 by EC-mediated activation of transforming growth factor-β (TGF-β). [3] [4] [5] Although the process of TGF-β activation in response to heterocellular interactions is unclear, 6, 7 gene-targeting experiments indicate that TGF-β 8 signaling via activation of activin-like kinase receptors 9 plays a critical role in vascular development. Thus, local mesenchymal progenitors are recruited by ECs to differentiate into the mural cell layer(s) in developing vessels, likely resulting in tissuespecific functional and regulatory properties of mural cells. 10 Observations from genetically altered mice suggest that gap junctions play a critical role in vascular development, [11] [12] [13] and we showed more specifically that gap junction channel formation between ECs and recruited mesenchymal cells is required for their endothelial-induced differentiation into a mural cell phenotype. 3 Gap junctions are aggregates of intercellular channels that allow the diffusion of second messengers, ions, and metabolites to the cytoplasm of adjoining cells. 14 Gap junction channels that form through the docking if 2 hexameric complexes between adjacent vascular cells may be composed of one or more different types of connexin (Cx) proteins that include Cx37, Cx40, Cx43, and Cx45. 3, [15] [16] [17] In the adult arterial vasculature, ECs of large vessels predominantly express Cx37 and Cx40, whereas Cx43 expression is largely in the microvasculature and mural cells. 15, 18 Although Cx45 is modestly coexpressed with Cx43 in the medial layer of adult vessels, 19 it does not appear to be a major contributor to gap junction function in postnatal vasculature. 18, 20, 21 However, Cx45 is highly expressed in the developing vasculature in both ECs and smooth muscle cells, 22, 23 where it appears to be critical for mural cell investment of EC tubes; Cx45-deficient mice die midgestation, in part, because of failure of vascular smooth muscle formation. 11 Interestingly, although Cx43 is often coexpressed with Cx45 during development, 22, 23 it cannot compensate for loss of Cx45 during early stages of blood vessel formation. Similarly, Cx45 does not compensate for lack of Cx43 at later stages of development; mice deficient for Cx43 die perinatally from severe cardiovascular malformations. 12 Thus, Cx43 and Cx45 are both critical for proper vascular development, although their exact function(s), distinct or similar, at various stages of development have not been clearly delineated.
In previous studies, we demonstrated that Cx43 is highly expressed by ECs, as well as mesenchymal cells, that function as mural cell precursors. 3 Furthermore, Cx43-mediated coupling between ECs and mesenchymal cells promotes activation of TGF-β that enables endothelial-induced mural cell differentiation. 3 In this study, we investigated whether Cx45, which is also expressed by ECs and mesenchymal cells, although to a lesser extent, 3 also regulates mural cell differentiation via similar mechanisms. We generated mesenchymal cells that stably express Cx45 (ReCx45) in parental cells that lack Cx43 (derived from Cx43 -/-mice), and found that they formed functional gap junctions among themselves and with ECs. Heterocellular Cx45-containing gap junctions supported TGF-β activation and promoted the upregulation of mural cell-specific proteins in the mesenchymal cells. These results reveal a critical, and previously undefined, role for Cx45 in the regulation of mural cell differentiation that likely underlie the lethal defects observed in Cx45-deficient embryos, which exhibit dysregulated TGF-β and lack mural cell development.
11

Materials and Methods
Extended methods are provided in the online-only Data Supplement.
Cell Culture
Cx43-expressing (Cx43wt) and Cx43-deficient (Cx43 -/-) mesenchymal cells 3 were used. Cx43 -/-mesenchymal cells were also transfected with full-length Cx45 (ReC45; see below). ECs and smooth muscle cells were isolated from bovine tissue. In some experiments, cells were plated on 0.25 to 1 μg/cm 2 fibronectin (Sigma #F4759) at 37°C.
Generation of Cx45-Expressing Mesenchymal Cells
Cx45 cDNA in a pCl-neo vector was stably transfected into Cx43 -/-mesenchymal cells (ReCx45). Individual clones of stable transfectants were selected for further study.
Assessment of Gap Junction Communication
Gap junction intercellular communication was assessed by scrape loading, dual dye injection, and whole-cell patch clamping, as detailed in the online-only Data Supplement.
Assessment of Endothelial-Induced Mural Cell Differentiation
ECs and mesenchymal cells were cultured alone or in coculture for 48 hours, and Western blot and immunofluorescent techniques were used to assess mural cell differentiation, as described.
3
Measurement of Activated TGF-β
An established luciferase bioassay 24 was employed to measure levels of activated TGF-β, as described. Treatment With Exogenous TGF-β1 or TGF-β Blocking Antibodies Cells were exposed for 48 hours to either 1 ng/mL human TGF-β1 (R&D #100-B-001) or 10 μg/mL TGF-β-blocking antibodies that target all isoforms of TGF-β (Genzyme #1836-01), as described. 
Assessment of Extracellular Matrix Deposition
Solo cultures or cocultures of PKH26-labeled ECs and unlabeled mesenchymal cells were plated for 48 hours onto glass coverslips and assessed for fibronectin (BD #610077, 1:250) or fibrillin (Santa Cruz #sc-7540, 1:100) expression by immunofluorescence. Five random fields from 4 to 12 experiments were quantified for extracellular matrix (ECM) deposition.
Results
We previously showed that Cx43-deficient mesenchymal cells fail to form functional gap junctions with ECs, and undergo mural cell differentiation on heterocellular contact. Re-expression of Cx43 in Cx43 -/-mesenchymal cells restored gap junction formation, TGF-β activation, and endothelialinduced mural cell differentiation. 3 Observations from the Cx45 knockout animal suggest that this Cx is necessary for mural cell development during embryogenesis. 11 Using our in vitro model, we investigated whether Cx45 plays a direct role in endothelial-induced mural cell differentiation.
Stable Expression of Cx45 in Cx43
-/-Mesenchymal Cells
To determine whether Cx45 can regulate endothelial-induced mural cell differentiation, we generated mesenchymal cells that expressed only Cx45 (ReCx45). The Cx43 -/-mesenchymal cells represent an excellent model as its primary Cx has been removed, 12, 25 and the remaining low levels of Cx45 are not detectable by Western blot analysis 25 and do not support heterocellular communication of injected dyes or mural cell differentiation. 3 In this study, full-length Cx45 cDNA was transfected into Cx43 -/-mesenchymal cells, and stable puromycin-resistant clones were selected. Two clones (ReCx45-1 and ReCx45-3) expressed ≈45 kDa protein detected by antiCx45 antibodies ( Figure 1A ). ReCx45-1 expressed the highest levels of Cx45, and ReCx45-3 expressed levels that were ≈90% of ReCx45-1; both of these clones were used for all 
Heterotypic Communication Between Cx45 Mesenchymal Cells and ECs
To determine whether Cx45 mediates intercellular communication between mesenchymal cells and ECs, dyecoupling and dual whole-cell voltage-clamping techniques were used. Homocellular dye-coupling was assessed in confluent monolayers of ReCx45 mesenchymal cells, using a scrapeloading assay (data not shown). 26 Uptake of the gap junctionpermeable Lucifer Yellow dye was significantly increased (by ≈25%; n=3-6), compared with Cx-and communicationdeficient Cx43 -/-mesenchymal cells. To determine whether dye-coupling was retained in ReCx45 cells when cocultured with ECs, we performed microinjection of Lucifer Yellow. The heterocellular nature of assessed cell pairs was ensured by labeling one cell type with a fluorescent dye (either PKH26 or DiI) and by selecting cell pairs that included a fluorescent and a nonfluorescent cell for analysis. No dye-or electrical-coupling could be detected in cocultures of ECs with parental Cx43 -/-mesenchymal cells. 3 In contrast, 20 of 102 (19.6%) ReCx45 cells were dye-coupled to at least 1 neighboring EC (Figure 2A) .
Because Cx45-comprised junctions are cation-selective, 27 and thus, in general, poorly permeated by anionic dyes, this level of dye-coupling might be indicative of a higher incidence of electrical coupling. Thus, we used dual whole-cell voltageclamping techniques to better assess the extent of coupling of ReCx45 cells among themselves and with ECs. In these studies, each cell of a pair is voltage-clamped with an electrode, and the cells are alternately stimulated with 0 to 40 mV. If functional gap junctions exist between the 2 cells, current will be detectable in the adjoining (nonstimulated) cell, and used to calculate the macroscopic junctional conductance (g j =recorded current divided by transjunctional voltage difference; diagram at the bottom of Figure 2 ), as described. This approach revealed that 100% of ReCx45 pairs (n=8) were electrically coupled. Mean macroscopic conductance of ReCx45 pairs was 1.5±0.4 nS, which is consistent with Cx45-containing gap junction channels ( Figure 2B ). When heterocellular pairs were assessed (n=20), 50% of ReCx45-EC pairs were coupled, with a mean conductance of 1.1±0.6 nS ( Figure 2C ). Thus, the combined dye injection and electrophysiological ( Figure 2 ) data demonstrate that ReCx45 mesenchymal cells form functional gap junctions among themselves and with ECs.
Cx45 Supports Endothelial-Induced Mural Cell Differentiation
To determine whether Cx45 expression and formation of functional heterocellular gap junctions supports endothelialinduced mural cell differentiation, ReCx45 mesenchymal cells (of either clone) were cocultured with ECs, and total protein was isolated and analyzed for expression of mural cell-specific markers. We observed an upregulation of smooth muscle (SM)-α-actin expression in ReCx45 mesenchymal cells on coculture with ECs (versus total protein from mesenchymal cells alone; Figure 3A and 3B), a response observed in Cx43wt, but lost in Cx43
-/-, mesenchymal cells (previous studies 3 ; Figure 3A and 3B). Consistent with previous studies, 3 SM-α-actin was not detected in ECs ( Figure 3B) ; therefore, its upregulation in endothelial-mesenchymal cocultures reflected changes in mesenchymal cell protein expression. Expression of other mural cell-specific markers (calponin, SM22α, and SM-myosin heavy-chain) was also increased in ReCx45 cells, on coculture with ECs ( Figure 3C ). Furthermore, we visualized expression of mural cell-specific markers by immunocytochemistry. Compared with solo cultures of ReCx45, expression of SM-α-actin, SM-γ-actin, and SM-myosin heavy-chain was increased in ReCx45-3 (and ReCx45-1; not shown) cells in coculture with fluorescently labeled ECs, and was limited to mesenchymal cells ( Figure 3D ). These data indicate that endothelial-induced mural cell differentiation is restored by expression of Cx45 in Cx43 -/-mesenchymal cells.
Coculture of ReCx45 Mesenchymal Cells and ECs Enables TGF-β Activation
To determine whether Cx45-containing gap junction channels mediate TGF-β activation to enable mural cell differentiation, activated TGF-β was measured in ReCx45 cells in solo culture and in coculture with ECs. Activated TGF-β was significantly elevated in ReCx45 and EC cocultures compared with solo cultures of either Cx43wt or ReCx45 mesenchymal cells ( Figure 4A ). Furthermore, as was previously shown for Cx43 -/-and Cx43wt mesenchymal cells, 3 exogenous TGF-β1 upregulated SM-α-actin expression in ReCx45 cells ( Figure  4B ). Collectively, these data demonstrate that heterocellular Cx45-containing gap junctions formed between mesenchymal cells and ECs promote the activation of TGF-β, which mediates endothelial-induced mural cell differentiation.
Coculture of ReCx45 Mesenchymal Cells and ECs Upregulates Endothelial ECM Deposition Downstream of TGF-β Activation
TGF-β activation depends, in part, on binding of latent TGF-β to the ECM, and subsequent cleavage of the TGF-β latency peptide by extracellular proteases. 28 Therefore, it is possible that gap junction channel formation between ECs and mesenchymal cells promotes ECM production/deposition, and this, in turn, enables TGF-β activation. To test this, we first examined the expression of ECM proteins in solo cultures and cocultures of ECs and mesenchymal cells. We found that fibronectin (and fibrillin; not shown) was expressed by ECs ( Figure 5A ), but not by mesenchymal cells (Figure 5C ), in solo culture, and persisted when ECs were cocultured with either Cx-expressing or Cx-deficient mesenchymal cells ( Figure 5B ). Therefore, gap junction channel formation was not required for ECM production/deposition in endothelial-mesenchymal cell cocultures.
Nonetheless, fibronectin (and fibrillin; not shown) deposition was upregulated in ECs cocultured with Cx43-or Cx45-expressing mesenchymal cells, but not with Cx43 -/-mesenchymal cells that do not form functional gap junctions with ECs ( Figure 5B ). The increased expression of ECM proteins in ECs cocultured with mesenchymal cells ( Figure 5B ) was similar to that observed when ECs were treated with exogenous TGF-β1 ( Figure 5A ), and neutralization of TGF-β in cocultures suppressed the upregulation of ECM proteins ( Figure 5C ). Furthermore, culturing Cx43 -/-or ReCx45 mesenchymal cells onto fibronectin ( Figure I in the online-only Data Supplement) did not promote upregulation of mural cell-specific proteins. Thus, ECM proteins are upregulated in endothelial-mesenchymal cocultures downstream of TGF-β activation, but ECM protein deposition alone does not appear to be sufficient to promote TGF-β activation and mural cell differentiation in the cocultures.
Collectively, these data demonstrate that heterocellular Cx45-containing gap junctions formed between mesenchymal cells and ECs promote TGF-β activation and enable endothelial-induced mural cell differentiation, in a process that is not dependent on the production/deposition of fibronectin or fibrillin. However, ECM proteins upregulated in response to gap junction-mediated TGF-β activation likely contribute to subsequent steps of blood vessel assembly/stabilization, including regulation of cell growth. 29 
Discussion
We previously demonstrated that formation of gap junction channels is required for endothelial-mesenchymal cell contact-induced TGF-β activation, which promotes mesenchymal cell differentiation toward a mural cell phenotype. 3 We also showed that Cx43-containing gap junctions between ECs and mesenchymal cells mediate these processes. 3 In this study, we investigated whether Cx45 plays a similar role in the regulation of endothelial-induced mural cell differentiation.
We found that Cx45 expression in Cx43-deficient mesenchymal cells restores formation of functional heterocellular gap junctions with ECs and enables TGF-β activation, presumably by stimulating release of an enzyme or activator that frees active TGF-β from its inactivating latency-associated peptide, 30 thereby promoting the upregulation of mural cellspecific proteins in the mesenchymal cells. These findings are consistent with previous in vivo studies of Cx45-deficient embryos that exhibit dysregulated TGF-β signaling and lack mural cell development. 11 Still unclear, however, is why Cx43, which can support these same processes and is frequently coexpressed with Cx45 in the embryonic and adult vasculature, 22, 23 does not compensate for lack of Cx45 at early stages of vascular development. This observation suggests that Cx45, specifically, regulates endothelial-induced mural cell differentiation during embryogenesis. This idea is further supported by the fact that Cx43-deficient embryos exhibit normal blood vessel formation and mural cell development during gestation, despite dying shortly after birth from severe defects in cardiovascular function. 12 Thus, both Cx43 and Cx45 are required for normal vascular development, and may play similar roles in vivo, but at different stages of development and perhaps through different intracellular mechanisms.
Although we found that both Cx43-and Cx45-containing gap junctions formed between EC and mesenchymal cell precursors are capable of supporting TGF-β activation in heterocellular cocultures, it is not clear how these Cxs regulate this process. One possibility is that gap junction channel formation/function leads to upregulation of ECM proteins that are required for binding the latent TGF-β peptide complex for subsequent cleavage of the inhibitory peptide by extracellular proteases to activate this growth factor. 28 However, we found that fibronectin and fibrillin, which have previously been associated with TGF-β activation in ECs 31 and other cell types 28, 32 are present in endothelial-mesenchymal cell cocultures that do not form heterocellular gap junctions, yet TGF-β is not activated. 3 These ECM proteins also failed to stimulate mural cell differentiation in ReCx45 or Cx43 -/-mesenchymal cells that when cultured alone, we previously showed, express latent but not activated TGF-β, 3 and also failed to restore mural cell differentiation in cocultures of Cx-deficient mesenchymal cells and ECs. Therefore, endothelial-mesenchymal heterocellular gap junction channel formation/function must regulate other intercellular signaling processes that are critical for TGF-β activation.
Historically, Cxs, as components of intercellular channels, were thought to mediate the intercellular exchange of soluble signals that regulate cellular processes and behaviors in a variety of cells, 33, 34 including vascular cells. 15 However, Cxs can also exert channel-independent functions and stimulate, or respond to, intracellular signaling cascades via regulation (ie, phosphorylation) of their cytoplasmic regions. 35, 36 Thus, comparisons between the selective properties of Cx43 and Cx45 channels, as well as the regulatory regions of the proteins themselves, could provide clues as to how they mediate the activation of TGF-β and enable mural cell differentiation.
Interestingly, Cx45 and Cx43 form homomeric channels with notable differences in permeability and selectivity. Cx45 channels are cation-selective, 27, 37 whereas Cx43 channels are not charge-selective. 37, 38 In addition, Cx43 channels support higher permeability than Cx45 channels. Based on the selective properties of Cx45 versus Cx43 junctions, it appears that if a gap junction-traversing signal is required for TGF-β activation, then this signal may be a small positively charged molecule, perhaps calcium. Interestingly, intracellular calcium levels regulate many cellular processes, including secretion of enzymes known to activate TGF-β, such as cathepsin B, plasmin, thrombospondin, and metalloproteinase 2 and 9.
30,39,40 Alternatively, if TGF-β activation requires dye (as well as ion)-permeable gap junction channels comprising either Cx43 or Cx45, the communicated signal may be a larger signaling molecule, such as 1,4,5-inositol phosphate 3, a Ca 2+ -activating signaling molecule important in TGF-β signaling during mural cell differentiation. 41 Clearly, additional studies are needed to determine whether exchange of a signaling molecule through functional channels is necessary and, if so, what the traversing signal might be.
The carboxyl-terminal domains of both Cx43 42 and Cx45 43, 44 are targets for phosphorylation by a variety of kinases, and serve as binding sites for several intracellular proteins. The consequences of phosphorylation are multiple, and include acute and longer term regulation of channel function, as well as channel-independent protein-protein interactions.
Comparison of the amino acid sequences of Cx45 and Cx43 carboxyl-terminal domains suggests, and functional studies confirm, 43, 45, 46 that these proteins are likely targeted by some of the same, as well as distinct, protein kinases (Figure II and  Table I in the online-only Data Supplement). For example, there are no high-probability consensus sites for mitogenactivated protein kinase-dependent phosphorylation in Cx45, but several in Cx43; in contrast, both Cxs share a serine-rich region at the ends of their C-terminal tails, containing several high-probability protein kinase C consensus sites (Cx43: S364, S368, and S372; Cx45: S378, S381, and S385). Because protein kinase C is central in transducing growth factor signals to their ultimate growth effects, and this kinase has been shown to regulate the dye and electrical permeability of Cx43, 47 these conserved putative protein kinase C-targeted serines may underlie the requirement for Cx43 in TGF-β activation and endothelial-induced mural cell differentiation, and the ability of Cx45 to restore this response in the absence of Cx43.
As suggested above, TGF-β activation could also occur as a consequence of intracellular-signaling events initiated by the formation of either Cx43-or Cx45-comprised gap junctions, but independent of intercellular diffusion of soluble signals through open channels. As an example, during cardiomyocyte differentiation, Cx43 channel formation is required for and induces differentiation by competing with Smad2/3 for binding sites on β-tubulin. 48 As Cx43 expression increases, Smad2/3 is released from its β-tubulin-binding site, phosphorylated (by activated activin-like kinase receptors), and translocated as a complex with SMAD4 to the nucleus, where it promotes expression of cardiomyocyte-specific genes. Relevant to our study, neither Cx45 nor Cx40 support cardiomyocyte differentiation in this manner because these proteins do not interact with tubulin at the Smad2/3-binding site. Thus, there may be Cx-specific differences in TGF-β activation and signaling, and channel function may not be necessary for these processes.
Clearly, dissecting the mechanism(s) by which Cx43-and Cx45-containing gap junctions mediate TGF-β activation and endothelial-induced mural cell differentiation will be complex and is beyond the scope of this study. However, ongoing studies are designed to address these issues and should shed light on the cellular and molecular regulation of these processes that are needed for blood vessel formation. Information gained from these studies will not only further our understanding of normal blood vessel development, but also provide needed insights into the regulation of neovascularization in postnatal tissues that occurs in response to tissue growth, injury, or progressive pathology.
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These studies were supported by National Institutes of Health grants R01-HL077675 (to K.K.H. and J.M.B.) and R01-HL096360 (to K.K.H.). -/-mesenchymal cell cocultures. C, Quantification of ECM deposition revealed that fibronectin was similarly expressed by ECs (and not mesenchymal cells) in solo culture and in coculture with Cx43 -/-mesenchymal cells, and significantly upregulated in response to exogenous TGF-β and coculture with Cx43wt or ReCx45 mesenchymal cells. Treatment of cocultures of EC and Cx43wt or ReCx45 mesenchymal cells with a pan-TGF-β-blocking antibodies reduced fibronectin expression to basal levels. Mesenchymal cells fail to significantly express fibronectin, when cultured alone or in response to exogenous TGF-β. Asterisks (*) indicate significant differences (ANOVA/Tukey-Kramer) vs EC monoculture (black bar; n=4-12).
